An aeration system employing a long vertical shaft of 100 mor more depth has recently been developed by ICI. The interior of the shaft is divided into two parts. Air bubbles sparged in one side of the interior flow downto the bottom and then flow up through the other side of the shaft to the surface, as liquid circulates through both sides. This liquid circulation is maintained by the gas lift action of the sparged air. In this aeration system, the flow path of the air bubbles introduced is long enough to yield high oxygen utilization. In the present paper, the authors discuss operating problems ofICI's deep shaft aerator. The airlift type deep shaft was simulated by a mathematical model. The momentum balance equation for the fluid flow, the theoretical and empirical relations between gas velocity, liquid velocity, gas slip velocity and gas holdup, and the mass balance equation for oxygen transferred through the gasliquid interface, were all simultaneously solved to obtain the distributions of gas holdup and oxygen utilization along the shaft length. The calculated results give valuable information, such as the relations between the gas velocity, liquid circulation velocity, depth of air introduced and oxygen utilization. The power economy of the deep shaft is discussed in connection with its design and operating problems.
Introduction
Treatment of high-concentration organic wastewater or production of single-cell protein requires a high uptake rate of oxygen in the liquid phase. It is important, therefore, to reduce the power consumption for requisite oxygen transfer through the gasliquid interface. Various gas-liquid contacting devices have been investigated and developed for this purpose.
Recently an aerator consisting of a long vertical shaft, reaching 100-300 m depth beneath the ground, has been developed by ICI Limited. As shown schematically in Fig. 1 , liquid circulation maintained by the gas lift action of injected air or by a liquid pump carries air bubbles deep into the bottom of the shaft. Effective oxygen transfer from gas phase to liquid phase is achieved at elevated pressure at a deep water level. It seems to offer a high oxygen transfer rate per unit powerconsumptionin comparisonwith other aerators.
The present study is aimed at obtaining quantitative information about operating characteristics of the airlift deepshaft aerator ( Fig. 1 (a) ), the type more commonlyused at present.
1. Mathematical Model for Air-Lift Aerator 1. 1 Principle of liquid circulation by air-lift In the air-lift deep shaft, the static head difference, Received November 5, 1977 . Correspondence concerning this article should be addressed to H. Kubota.
caused by the difference of gas holdup distributions between the downwardflow path and the upward flow path in the shaft, is the driving force of liquid circulation. Under steady-state liquid circulation, the pressure drop due to hydraulic friction of the flow circuit along the flow path is balanced with the static head difference. Therefore, the condition of air injection into the shaft to maintain necessary liquid circulation velocity can be obtained by solving this balance equation. In the following, steady-state liquid circulation in the shaft is assumed. where/i denotes the friction factor for a homogeneous liquid flow without gas bubbles, and// and/2' are those with the effect of gas bubbles.
The pressure drop at the bottom and that at the top of the shaft, z/P/3 and APfA respectively, which arise from changes in flow direction and in crosssectional area of the flow path, are denoted by APf*=WL* -Pl U}1l2g0D1 (6) 4Pf4=V* L* -Pi UiJ2geD% (7) The total pressure drop along the liquid flow circuit is APf= T> APf< (8) Under steady-state liquid circulation, the following equation should hold :
APs= APf (9) 1. 4 Bubble slip velocity U8 and gas holdup <p The following relation must hold among superficial gas velocity Ug9 gas holdup <p9 superficial liquid velocity Ui and apparent slip velocity of gas bubble Us to the liquid phase :
U^UJcp-Utllt-cp) (10) In the deep shaft aerator, the effect of pressure change with depth on Ug must be taken into account, and thus Ug= U*(l-dZoV)(P*/P)
( 1 1) where d=l-fi9 and /3 is moles of gas produced per mole of oxygen consumed. In biochemical reactions nearly a mole of carbon dioxide is produced per mole of oxygen uptake in liquid.
The gas slip velocity Us in tubes is in general a func- to predict the value of oxygen utilization, which indicates how effectively the oxygen injected is utilized, but also to obtain correct values of superficial gas velocity and of gas holdup, which are affected by oxygen consumption in the gas phase. Whena biochemical reaction takes place in the liquid, the influence of generating carbon dioxide must also be taken into account.
In a more strict analysis, the effect of solution and discharge of nitrogen gas of the injected air in the liquid under various pressures must also be considered, but this effect is neglected for simplicity in the present calculations.
Assuming plug flow of the gas phase along the flow paths, the differential mass balance for oxygen which transfers through the gas-liquid interface gives
The relation between oxygen utilization rj and mole fraction of oxygen in the gas phase is given by
2. Embodiment of Design Calculations 2. 1 Hypothesis for illustrative calculations There are two ways of dividing a shaft section as shown in Fig. 2 , that is, the concentric type and the divider type. The former is equipped with an air sparger in the inside pipe. Therefore, the inside pipe is employed as the downcomerand the annular part as the riser. This type is usually suited for a smaller diameter shaft. In the present illustrative calculations, it was assumed that the two cross-sectional areas are equal for both the concentric and the divider types. Physical properties of the fluids needed for calculations are summarized in 1/77=3.2 log (iW7)+l-2 (15) where 3x l03<ite<107 The friction factor for the gas-liquid two-phase flow system /' in Eqs. (4) and (5) of the properties of the gas sparger and has a value ranging from 0.5 to 1.0 1/m, if the dimension ofKLa is 1/hr 2. 4 Calculation Figure 3 shows the flow chart of the design calculations according to the mathematical model described above. Specifying a superficial liquid velocity Ux and a location of the air injection measured as a distance from the liquid surface h, the supplying gas velocity required to maintain the liquid circulation U*o was determined.
As U*o the value converted under atmospheric pressure was employed. As necessary liquid circulation velocity Uu values were selected ranging from 1 m/sec to 2 m/sec. The distributions of gas holdup <p and oxygen utilization rj were also determined simultaneously.
To proceed with calculation, the shaft length H was fractionated in equal distances Al and then <p and rj in their increments were determined in turn from the inlet.
Determining <pt from the value of <pt_l9 a trial-anderror procedure was used, where as the average gas i holdup from the inlet to the z-th section,^i==(l/i) J] <Pi was used, rj from Eq. (23) was similarly determined by employing numerical integration.
After completion of the calculations for the downcomer, calculation shifts to the riser, where Ui=-Ui and Ug=-Ugwere set. The consecutive calculation proceeded from the top to the bottom in a manner similar to that for the downcomer.Since rj at the top is unknown, its trial-and-error determination was required. Both values of rj at the bottom, which are obtained in the downcomer and the riser, must of course agree. 2. 5 Oxygen transfer rate per unit power consumption As previously described, a postulated characteristic of the deep shaft is that the oxygen transfer rate per unit power consumption is quite large compared with the others. For the air-lift deep shaft, the power serves to compress air to the pressure of gas injection. Assuming adiabatic compression, the power required to compress air with molal flow rate of Go is expressed where y is the ratio of the constant-volume specific heat to the constant-pressure specific heat of air and is given as 1.4. The mechanical efficiency of compression e was taken as 0.6 in the present calculations.
The resistances of air movementin pipes are included in this figure. Oxygen transfer rate per unit power consumption is thus calculated as G07]/Pw. 3. Calculated Results and Discussion 3. 1 Reported data of deep shafts Table 2 shows the data reported by ICI1}. As seen there, relatively high values of oxygen utilization and oxygen transfer rate per unit power consumption were given. The design calculations were carried out in reference to these figures.
2 Relations between U*o and Ut
For the execution of the design calculations, the relation between the slip velocity Us of gas bubbles against the liquid phase and the gas holdup <p was an important factor. As previously described, the calculations proceeded first by assuming the constant U8 to be 0.3 m/sec, called here the first-order approximation. Then U8 was calculated from Eq. (12) as a function of <p, called the second-order approximation. The pressure drop APf, caused by the circulating liquid flow described in 2. 2, is given as a function of the superficial liquid velocity Ui only. Figure 4 shows the relations between APf and Ux for both the concentric type and the divider type shafts. APf for the concentric type is larger than that for the divider type, because the former has a larger wall surface area than the latter. Since the pressure drop at the bottom end was not too large comparedto that at the wall, an error introduced in the calculation of the which Ui increases with decrease of U*o. It should be mentioned that in order to maintain liquid circulation at a constant flow velocity for a fixed location of air In conclusion, the region of practical stable operation is limited to the right half of the diagram. 3. 3 Gas holdup <p and oxygen utilization tq In the deep shaft aerator, the hydraulic pressure at the bottom becomes more than 10 atm, because the depth of the shaft exceeds 100 m, and the gas holdup Figure 10 also shows the effect of the value of mass transfer capacity coefficient KLa, which is characterized by the coefficient a in Eq. (20) . As values of a, 1.0 for fine bubbles and 0.5 for coarse bubbles were employed. In these calculated results, attention should be paid to the fact that the value of rj is limited, becausethere is a region of unstable operation. 3. 4 Oxygentransfer rate per unit power consumption and oxygen demand In practical operation of aeration devices the power economy,defined as the maximumoxygen transfer rate per unit power consumption, is an important factor. This is obtained easily in the diagram shown in Fig creases more than that of point A, the air supply rate must be increased to supply dissolved oxygen in the shaft. In this case, the oxygen utilization decreases according to the increased Ug, and consequently the power economydecreases along the curve AB.
In the case of high oxygen demand, the location of air injection h must be decreased to obtain a high value of Gorj/Pw. This is illustratively shown in the curve ®. It is concluded that in applications of the deep shaft, in order to improve the power economy, the selection of the air injection location is an important design factor. With this in view, it must be deduced also that high power economy will occur only where high oxygen demand exists in the liquid. 2) Based upon the model, the condition of air supply to maintain a stable liquid circulation in the shaft was obtained and discussed.
3) It was pointed out that the maximumoxygen transfer rate per unit power consumption for the deep shaft is considerably affected by the oxygen demand in liquid, and for the rational design of shaft operation selection of air sparger location is important. "The ICI Deep Shaft Aeration Process for Effluent Treatment", Int. Chem. Eng. Symp. Ser. No. 41 (1975) . 2) "Kagaku Kogaku Benran", ed. by the Soc. of Chem. Engrs., Japan, Vol. 3, Maruzen (1971) . 3) Koide, K. and H. Kubota: Kagaku Kogaku, 30, 806 (1966) . Kogaku Symposium Series, No. 6, 144 (1967) . 5) Sekizawa, T., H. Kubota and H. Nishimura: Hakko Kogaku, 55, 283 (1977) .
